Background: It is uncertain whether there are autoantibodies detectable by indirect immunofluorescence in the serum of patients with multiple sclerosis (MS). Objective: To determine whether there are anti-central nervous system (CNS) autoantibodies detectable by indirect immunofluorescence in the serum of MS patients. Methods: Sera and in some cases cerebrospinal fluid from 106 patients with multiple sclerosis, 156 patients with other neurological diseases, and 70 healthy control subjects were examined by indirect immunofluorescence using cryostat sections of rat cerebrum fixed by perfusion with paraformaldehyde. Results: Autoantibodies were detected that recognized more than 30 neuronal, glial, and mesodermal structures in 28 of 106 MS cases. Most were also detected in patients with other related and unrelated neurological diseases and several were also found in healthy controls. Novel anti-CNS autoantibodies recognizing particular sets of interneurons were detected in both normal controls and in subjects with CNS diseases. Interpretation: Serum anti-CNS autoantibodies of diverse specificities are common in MS patients. The same anti-CNS autoantibodies are not uncommon in patients with other neurological diseases. The findings provide no support for the proposition that myelin breakdown in MS is caused by exposure of intact myelin sheaths or oligodendrocytes to a pathogenic serum anti-myelin or anti-oligodendrocyte autoantibody.
Introduction
Anti-central nervous system (CNS) autoantibodies have been detected using different techniques in serum, in cerebrospinal fluid (CSF), and in brain elutes in patients with multiple sclerosis (MS). There is evidence that some may be pathogenic based on immunopathological studies of experimental demyelinating lesions in laboratory models of MS and of developing lesions in MS subjects. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Other authors report conflicting results, citing especially, unspecific affinity of normal human IgG to bind to various CNS structures including bulk isolated myelin membranes and oligodendrocytes. 1, 2, [11] [12] [13] Indirect immunofluorescence (IIF) is the most common technique used in clinical practice to detect disease-specific serum autoantibodies. Previous IIF studies of serum autoantibodies in MS refer to the use of cryostat sections of fresh unfixed tissue or sections fixed in acetone, ethanol, or formalin followed by application of the test serum and a fluorochrome-conjugated anti-human IgG antiserum. 14 With this procedure, anti-CNS autoantibodies have been reported to be absent in the serum of patients with MS. [15] [16] [17] In this study of serum autoantibodies in MS, a fixation method is used that instantly fixes still vital tissues by whole-body perfusion with chilled paraformaldehyde, a procedure known to optimally preserve some antigens, as well as improve tissue morphology.
Methods

Patients and control subjects
Serum and in some cases cerebrospinal fluid was obtained from patients attending a neurology clinic at the Royal North Shore Hospital, St Leonards, Sydney. There were 106 with MS and 156 with other neurological diseases (ONDs). Controls (70 healthy adults) were blood donors at a local clinic. Many of the MS and OND cases had a second disease as expected in a population attending a specialty neurology clinic. Clinical attributions were restricted to the primary neurological diagnosis based on standard diagnostic procedures and follow-up examination. The sex and age distribution of patients and healthy control subjects was approximately the same. Sera were collected throughout the year both from those with and without CNS disease. Clinical data, sera, and CSF specimens were collected in accordance with ethical guidelines of the Royal North Shore Hospital and with the informed consent when required of participants.
IIF
Twelve-week-old inbred female Lewis rats were perfused with 2% paraformaldehyde in phosphatebuffered saline (PBS). Coronal slices (1-to 2-mm thick), of the cerebrum and cerebellum plus brain stem were stored in fixative for 2-24 hours. Upper small bowel and kidney tissues were also sampled and fixed as described. Blocks were embedded in optimum cooling temperature compound (O.C.T. Compound) chilled in isopentane to less than −100°C in liquid nitrogen then transferred to the cryostat or −80°C freezer.
Cryostat sections were air dried for 2 hours, hydrated using PBS and treated with 10% bovine serum albumin (BSA) in PBS for 60 minutes at room temperature (RT). After rinsing with PBS, the test serum diluted 1:60 with 1% BSA in PBS was absorbed with rat liver powder (20 mg in 360 µL) (IRT-LP-LR; BioCore) using a rotator for 60 minutes in a cold room (4°C). Following centrifugation at 12,000 r/min for 10 minutes, the supernatant was applied to the slides for 60 minutes at RT. After rinsing with PBS, sections were treated with fluorochrome-conjugated anti-human IgG diluted 1:200 (Alexa Fluor 488 goat anti-human IgG (H + L) (A11013; Invitrogen) for 60 minutes at RT. After rinsing with PBS, the sections were mounted using Prolong Gold Antifade Reagent (P36934; Invitrogen). Omission of the monoclonal antibody and/or inclusion of an irrelevant antibody run in parallel served as negative controls. Such controls were devoid of staining.
Analysis
The staining pattern exhibited by each test serum was determined by two blinded observers who separately photographed each section using a Zeiss Axio Imager microscope equipped with an AxioCam HRm camera and apochromatic objectives. Staining patterns were classified arbitrarily as an immunohistochemically defined antibody (IDA) while recognizing that patterns with more than one labeled structural determinant could reflect the activity of a single autoantibody, of multiple autoantibodies, or multispecificity mediated by conformational diversity.
Results
IDAs were detected in sera from 88 of the 332 cases examined. The immunostained determinants selected to define each antibody are indicated by the symbol +! in Tables 1A and 1B. Determinants labeled (+) in the tables signify structures recognized by some but not all sera containing a particular IDA. Tables 2 and 3 list the autoantibodies detected in MS subjects and controls. Figures 1-7 show rat tissues immunostained with different IDAs. A narrative description of each IDA is provided as supplementary material.
Most of the antibodies identified in this study are undescribed. The main exception was IDA-6 which corresponds to neuromyelitis optica (NMO) IgG. 18 Reactivity against white matter tracts was detected in more than 80% of all sera tested. This "antibody" corresponds to anti-myelin reactivity reported to be detectable in the sera of most children by age 4.
Among the previously unknown autoantibodies were several novel antibodies that recognized particular sets of interneurons. The commonest was IDA-1, an antibody that recognized a particular set of neurons in the cerebellum and cerebrum. Another was IDA-2, an antibody that recognized the surface of choroid plexus epithelial cells, the neuropil of the molecular layer of the cerebellar cortex, and puncta-possibly boutonin the Purkinje cell layer of the cerebellar cortex.
Healthy controls CNS autoantibodies were detected in sera from 10 of 70 subjects with no evidence of CNS disease (Tables  2 and 3 ). In all, 6 of the 10 immunoreactive sera stained basket cells in the cerebellar cortex, small bipolar interneurons in the cerebrum, and Golgi cells in the cerebellar granular layer, a pattern designated IDA-1 ( Figures 1 and 2(a) ). Higher magnification showed that the antigen recognized by IDA-1 was associated with a system of cytoplasmic vesicles or particles located within perikarya of affected neurons. This antibody was also common in patients with MS and OND. We are unable to explain why this antibody, IDA-1, was so unevenly represented in each of the clinical subgroups.
NMO
A total of 20 sera were examined from patients with a clinical diagnosis of NMO. Anti-CNS autoantibodies were detected in 12 (Tables 2 and 3 ). The most common, designated IDA-6, present in eight, was an antibody that recognized glial-limiting membranes of small blood vessels in a pattern similar to that described in NMO by Lennon et al 18 (Figure 3(e) ). The same antibody also recognized perivascular astrocytes located around blood vessels with prominent perivascular spaces ( Figure 3(d) ), small bowel villous epithelium, and the surface of Purkinje cells. Serum AQP4 antibodies were measured in two of the eight cases with the IDA-6 pattern of immunostaining and both were found to be positive.
Multiple sclerosis
Of the 106 sera examined, there were 28 that reacted with rat tissue. The latter comprised 12 different autoantibodies (Tables 2 and 3 ). As in the healthy control group, the most common was IDA-1, present in nine. Notably, no immunoreactivity against oligodendrocytes was detected in MS sera. Regarding antimyelin autoantibodies in MS, an assessment of the relative frequency of immunoreactivity directed at tracts of myelinated fibers in a separate blinded analysis of a consecutive series of sera (n = 102) showed the percentage of positive sera in MS cases (n = 37) as 78.38%, in normal subjects (n = 27) 81.5%, and in patients with ONDs including eight subjects with NMO (n = 38) 78.95%. Anti-myelin antibody activity appearing as tramlines in longitudinally sectioned nerve fibers or in the form of rings in large diameter fibers cut in cross section similar to that seen in sections stained for myelin oligodendrocyte glycoprotein (MOG) was very rarely observed in this study.
ONDs
Sera from 156 OND cases were tested. In all, 38 were positive for antibodies that reacted with rat CNS tissue. The different autoantibodies and determinants recognized by these sera are shown in Tables 2 and 3. A group of 40 sera from cases with diagnoses of optic neuritis (ON) (n = 5), transverse myelitis (n = 18), longitudinally extensive transverse myelopathy (LETM) (n = 8), and clinically isolated syndrome (CIS) (n = 9), most variant forms of MS, showed eight positive for autoantibodies. The serum antibody profile was very similar to that seen in MS including the occurrence of cases with IDA-1. None had anti-oligodendrocyte activity.
In a large group with acute or subacute diseases of the CNS, a group that included cases with ischemic infarction, cerebral tumors, psychiatric illnesses, other inflammatory diseases, and organic CNS diseases of uncertain cause (n = 96), there were 30 cases with sera that reacted with rat tissue (Tables 2 and 3) . Anti-myelin and anti-oligodendrocyte activities for the group were similar to that seen in the MS group.
Discussion
The study provides a catalogue of anti-CNS antibodies that are sometimes present in the serum of patients with MS. It is likely that many of the antibodies are previously undescribed natural autoantibodies of the sort known to be highly seropositive in health and disease. The study says nothing of the specificity of MS CSF IgG or serum antibodies that recognize determinants that are expressed or accessible only in MS tissue. Other autoantibodies that may be present in MS serum but are undetectable using the present IIF procedure are serum antibodies that react with human CNS tissue but not rodent CNS tissue. Examples of such antibodies are antibodies that recognize conformationally intact human antimyelin-associated glycoprotein (MOG) and that are common in childhood inflammatory demyelinating diseases as well as some cases of aquaporin-4 (AQP4)-negative NMO. 19, 20 This study is the first report showing that anti-CNS autoantibodies of different specificities are frequently present in the serum in patients with MS. Why such antibodies have not been detected in previous large IIF studies [15] [16] [17] relates chiefly to differences in the methods used to fix the tissue. Traditionally, cryostat sections of snap-frozen rodent tissue are exposed to the test serum without fixation or following treatment of the section for 10 minutes with ethanol or acetone or with formalin. While this is a tested method for preserving CNS antigens, morphology is extremely poor compared to that achieved by whole-body perfusion with paraformaldehyde prior to sectioning. 21 McKeon et al, 17 in a study employing formalin-fixed frozen sections prepared according to standard procedures, 18, 22 reported an absence of anti-CNS autoantibodies detectable by IIF in sera from 173 healthy controls and 77 patients with MS. The only sera that were positive for anti-neuronal autoantibodies were from patients with NMO where 34% of 177 cases had anti-neuronal autoantibodies in addition to NMO-IgG autoantibody.
Faint staining of tracts of myelinated nerve fibers was detected by IIF at a dilution of 1:60 in approximately 80% of both healthy controls and patients with disease. There are previous reports of anti-myelin antibodies present in the serum of 88%-100% of normal individuals that are acquired between 1 and 4 years of age. Such antibodies are detectable by IIF at dilutions of 1:4 using acetone or ethanol fixed or unfixed frozen sections of human, guinea pig, bovine, monkey, and rat tissue. The affinity appears to be specific for the 7S gamma-globulin fraction and is not seen with other major protein fractions of serum or CSF. Not all investigators are satisfied that such binding of immunoglobulins to myelin represents genuine antibody activity rather than an ionic or some other non-specific interaction. 2, 11, 15, 16, 23 A second antibody detected in this study with some frequency in healthy controls, MS, and OND cases was IDA-1, an antibody interesting as it recognized a defined set of interneurons in the cerebellum and cerebral hemispheres. According to a number of investigators, the most compelling evidence for a demyelinating antibody in MS derives from a series of immunohistochemical studies that report that in about two-thirds of all MS cases, myelin destruction is not secondary to a loss of oligodendrocytes but is mediated by an antimyelin autoantibody which, according to the authors, is evidenced by the presence in the lesion of IgG together with myelin sheaths and macrophages that stain positively for activated complement (C3d and C9neo). 24 This form of MS has been designated "type 2 MS" to distinguish it from "type 3 MS," a form where myelin breakdown is accompanied by oligodendrocyte apoptosis in the absence of activated complement on myelin or in macrophages. 4, 6, 7, 10 It is further noted that while oligodendrocyte apoptosis does not occur together with complement deposition in developing MS lesions, this is a typical finding in developing lesions in AQP4-positive tumefactive NMO. 25 Other groups have challenged this interpretation of the presence and distribution in MS lesions of activated complement and IgG as evidence of a demyelinating anti-myelin autoantibody in MS.
First, there are now a number of independent studies that report that there is no evidence of immunopathological heterogeneity in MS based on lesional IgG and complement distribution or oligodendrocyte apoptosis, either in cases of long-standing MS or in acute early cases of the disease. [26] [27] [28] [29] [30] [31] Regarding reports that oligodendrocyte apoptosis and complementpositive myelin are not seen together in MS lesions but only in tumefactive NMO, 25 in our own studies of prephagocytic and actively demyelinating MS lesions, we have never observed commencing myelin breakdown by macrophages where myelin sheaths are not opsonized by complement or where macrophages stain negatively for complement. Affected sheaths have been observed to stain positively for IgG and kappa and lambda light chains, but this is rare and always difficult to demonstrate.
Second, the distribution of IgG and complement in and around actively demyelinating MS lesions is non-specific, that is, altered myelin sheaths and macrophages containing myelin remnants stain positively for complement and sometimes also IgG in lesional areas invaded by macrophages in ischemic infarction, progressive multifocal leukoencephalopathy, miliary tuberculosis, subacute sclerosing panencephalitis, and cytomegalovirus encephalitis. This can be accounted for by what is referred to as myelin stickiness. Where myelin sheaths are disrupted in vivo or in vitro in such a way as to expose the myelin intraperiod line-something that occurs in myelin isolates, vesiculated myelin, myelin engaged by macrophages, or myelin treated with complement-it acquires the property of activating complement and binding IgG. 11, 32 Third is the question of the distribution of IgG in the developing MS lesion. Usually, myelin sheaths engaged by macrophages in MS lesions stain negatively for IgG, or the staining is weak or equivocal compared to the intense staining seen in disrupted sheaths immunostained for C3d and membrane attack complex (MAC). 27, 31 By contrast, intact normal appearing myelin sheaths bordering actively demyelinating and recently active lesions, even in tissue steeped in IgG and where axons and the cell bodies of neurons, astrocytes, and oligodendrocytes stain positively for IgG, myelin sheaths show no immunoreactivity for IgG. 31, 33 What initiates myelin destruction in MS if not an anti-myelin antibody? There are alternative explanations regarding myelin destruction in MS that do not invoke anti-myelin antibodies-the most plausible, phagocytosis of myelin by activated microglia and monocyte-derived macrophages via scavenger and complement receptors of myelin opsonized by complement secondary to activated caspase 3 oligodendrocyte apoptosis. 34, 35 In summary, anti-CNS autoantibodies of diverse specificities are detectable by IIF in sera from approximately one in four patients with MS. These antibodies appear not to differ from serum antibodies detectable in some patients with unrelated diseases of the CNS and in some healthy controls. The present catalogue of such antibodies may be useful in studies aimed at their further characterization.
